Abstract Knowledge of the thermospheric neutral wind and its horizontal components is critical for an improved understanding of F region dynamics and morphology. However, to date their reliable estimation remains a challenge because of difficulties in both measurement and modeling. We present a new method to estimate the climatology of the zonal and meridional components of thermospheric neutral wind at low and middle latitudes using a Kalman filter technique. First, the climatology of the magnetic meridional wind is obtained by assimilating seasonal maps of F region ionosphere peak parameters (N m F 2 and h m F 2 ), obtained from Constellation Observing System for Meteorology, Ionosphere, and Climate radio occultation data, into the Global Assimilation of Ionospheric Measurements Full Physics (GAIM-FP) model. GAIM-FP provides the 3-D electron density throughout the ionosphere, together with the magnetic meridional wind. Next, the global zonal and meridional wind components are estimated using a newly developed Thermospheric Wind Assimilation Model (TWAM). TWAM combines magnetic meridional wind data obtained from GAIM-FP with a physics-based 3-D thermospheric neutral wind model using an implicit Kalman filter technique. Ionospheric drag and ion diffusion velocities, needed for the wind calculation, are also taken from GAIM-FP. The obtained wind velocities are in close agreement with measurements made by interferometers and with wind values from the Horizontal Wind Model 93 (HWM93) over Millstone Hill, Arecibo, and Arequipa during December and June solstices, and March equinox. In addition, it is shown that compared to HWM93 the winds from TWAM significantly improve the accuracy of the Ionosphere/Plasmasphere Model in reproducing the observed electron density variation over the Weddell Sea Anomaly.
Introduction
The dynamics of the ionospheric F region are strongly controlled by thermospheric neutral winds [Emmert et al., 2006; Makela et al., 2013] . Winds influence the plasma motion along the geomagnetic field lines and are responsible for electron density variations at various temporal and spatial scales [Rishbeth, 1972; Titheridge, 1995] . As studies suggest, for the proper interpretation of certain ionospheric features it is important to have information about both the zonal and the meridional components of the thermospheric wind separately. For example, the magnetic field declination angle effect, which determines the relative role of the thermospheric meridional and zonal wind components in the ionospheric dynamics, was suggested to be the possible cause of certain observed regional and global peculiarities in the ionospheric electron density [Jee et al., 2009; Zhang et al., 2011] . In addition, zonal winds are known to play an important role in the generation of electric fields via the F region dynamo mechanism [Rishbeth, 1971; Heelis, 2004; Heelis et al., 2012] , which is responsible for the prereversal enhancement in the vertical ion drift and enhanced zonal ion drifts at night. Furthermore, it is believed that meridional winds can influence the development of plasma instabilities in the F region ionosphere [e.g., Huba and Krall, 2013, and references therein] .
The only direct measurement technique to obtain both zonal and meridional components of the thermospheric neutral wind is the observation of the Doppler shift in the airglow emission lines by ground-or space-based interferometers [Hays and Roble, 1971; Burnside et al., 1981; Shepherd et al., 1993] . These observations, however, generally lack global coverage and/or continuity, which, in turn, provides an important reason why current empirical wind models often fall short in adequately reproducing even the observed wind climatology over data-sparse regions . On the other hand, theoretical global circulation models are known to capture the general characteristics of the thermospheric dynamics, but their accuracy in calculating wind velocities is hampered by uncertainties in model parameters and external driving forces. In these models, one especially important parameter for the thermospheric wind calculation is the ion drag that depends on the electron density, and discrepancies between modeled and measured wind velocities are often attributed to the lack of a realistic representation of ionospheric plasma density [Lei et al., 2007; Meriwether et al., 2013] . The ionosphere is a highly dynamic system and an accurate representation of the distribution and variation of its electron density is a separate challenge .
In order to compensate for the global sparseness of direct wind observations, various methods were developed to obtain information about the thermospheric neutral winds using ionospheric observations. These methods include the so-called servo models [Rishbeth et al., 1978] , which use measurements of ionospheric F 2 layer peak parameters, and the wind derivation from Incoherent Scatter Radar (ISR) measurements of plasma velocities along the magnetic field [Salah and Holt, 1974] . Recently, Scherliess et al. [2009] and Lomidze et al. [2015] have reported about a new method to estimate thermospheric magnetic meridional winds using an ionospheric data assimilation model. The method was shown to be reliable, capable to accurately represent wind climatology, and different from servo and ISR methods, provides wind values over the entire low-and middle-latitude regions. However, the common shortcoming of all these techniques is that they obtain horizontal wind velocities only in the direction of magnetic meridian.
Early attempts of modeling the thermospheric wind components were based on neutral wind models that numerically solved only the equation of motion of the neutral atmosphere, albeit often not considering potentially important terms in the equation [Geisler, 1966; Kohl and King, 1967; Challinor, 1968] . In these models, the pressure gradient forces and frictional forces were calculated using empirical neutral atmosphere models (such as the model developed by Jacchia [Jacchia, 1965] and the Committee on Space Research International Reference Atmosphere model [CIRA, 1965] ) and simplified models of the ionosphere electron density, respectively. Regardless of the limitations, the obtained wind speeds and flow patterns were reasonable, demonstrating the validity of the approach. An effort to combine experimental information with a similar wind model to obtain zonal and meridional wind components was reported by Roble et al. [1974] . They used ISR measurement of the magnetic meridional wind, and the longitudinal variation of the exospheric temperature to adjust the pressure gradient forcing using a least squares fit. The ion drag was specified in the model using the measured electron density. Obviously, the application of this approach is limited to a handful of sites where ISRs are located, and the estimated wind velocity is expected to be less accurate than direct interferometric observations because of the assumptions involved in the method.
The recent availability of global magnetic meridional wind and electron density data from the Global Assimilation of Ionospheric Measurements Full Physics (GAIM-FP) model provides a new opportunity to use the GAIM-FP derived wind data together with a thermospheric wind model to extract information about the zonal and meridional components of the wind. For this purpose, the GAIM-FP data and the wind model needs to be combined in an optimal fashion. Generally, and also specifically for space physics applications, it has been shown that the most promising techniques that minimize the effect of model imperfections and at the same time take full advantage of the available data are physics-based data assimilation techniques [e.g., Schunk et al., 2003a Schunk et al., , 2004 Pi et al., 2003; Scherliess et al., 2009; Komjathy et al., 2010; Lee et al., 2012] . Therefore, we use this approach to estimate thermospheric zonal and meridional winds.
In this paper, we present a newly developed technique for the estimation of thermospheric zonal and meridional wind climatology that was initially reported by Lomidze and Scherliess [2013] . The method combines magnetic meridional wind data from an ionospheric data assimilation model with the 3-D momentum equation of the horizontal motion of the neutral gas using an implicit Kalman filter. The outputs of the new Thermospheric Wind Assimilation Model (TWAM) are the climatological neutral wind components at low and middle latitudes in the 110-600 km altitude range. The magnetic meridional wind data are obtained from the GAIM-FP model, which assimilates global seasonal maps of F 2 layer maximum electron density (N m F 2 ) and corresponding height (h m F 2 ) obtained from Constellation Observing System for Meteorology Ionosphere and Climate (COSMIC) radio occultation (RO) data. The 3-D ionospheric electron density and ion diffusion velocity, which are needed in the wind model, are also obtained from GAIM-FP. A flow chart of the steps needed to obtain the horizontal wind components is given in Figure 1 . In the next section we describe the data preparation needed to utilize the COSMIC data for the assimilation, describe the ionospheric models, and provide details of the new TWAM model. In section 3 we first present the results of our wind estimation for three different seasons and compare individual horizontal wind components to their corresponding empirical model values and to measurements made by interferometers over the American sector. Next, we demonstrate the value of the new wind model for ionospheric specification over the Weddell Sea Anomaly where ground-based wind measurements are not available. Discussion and summary are given in section 4.
Methodology and Approach
In our approach, the estimation of the zonal and meridional components of the thermospheric winds requires two separate model calculations. The first step is the assimilation of COSMIC seasonal N m F 2 and h m F 2 maps into the GAIM-FP model to specify the electron density distribution and to obtain the global magnetic meridional wind climatology. The next step is to assimilate the GAIM-FP magnetic meridional wind data (together with the use of the 3-D electron density and ion diffusion velocity also obtained from GAIM-FP) into a new physics-based Thermospheric Wind Assimilation Model (TWAM) to estimate the geographic zonal and meridional components of the thermospheric wind (see Figure 1 ). For our purpose we use a physics-based wind model together with a data assimilation technique, which helps to minimize the model errors in a dynamically consistent way. Our estimated winds should be understood as climatological values given the average nature of the assimilated GAIM-FP magnetic meridional wind data, which itself is derived using average ionospheric data from COSMIC. In the following we briefly describe the COSMIC data (section 2.1) and the GAIM-FP model (section 2.2), and then provide a more detailed description of the physics-based wind model and the implicit Kalman filter that is employed in TWAM (section 2.3). Note that a more detailed description of the steps needed to assimilate the COSMIC data into GAIM-FP, as well as a detailed description of the assimilation of these maps into GAIM-FP is given by Lomidze et al. [2015] .
COSMIC N m F 2 and h m F 2 Data
The values of N m F 2 and h m F 2 , and their corresponding standard deviations, which are assimilated into GAIM-FP, are obtained from COSMIC radio occultation measurements. Launched in April 2006, the constellation consisted of six microsatellites in a circular orbit at about 800 km altitude with a 72 ∘ inclination and 30 ∘ separation in longitude. The COSMIC satellites have been providing about 1000-2500 electron density profiles per day globally [Rocken et al., 2000; Anthes et al., 2008] , which are retrieved from slant total electron content measurements using an Abel inversion technique [Hajj and Romans, 1999; Schreiner et al., 1999] . The data of electron density profiles were obtained from the COSMIC Data Analysis and Archive Center (http://www.cosmic.ucar.edu). The advantage of using COSMIC data is its near uniform global coverage over both land and ocean areas that helps to globally constrain ionospheric drivers in GAIM-FP.
To prepare the COSMIC data for the assimilation into GAIM-FP, the values of N m F 2 and h m F 2 were extracted from individual electron density profiles. Next, to obtain the seasonal global maps of these parameters, the data were combined from Note that due to this binning all of our results will correspond to solar minimum conditions. Also note that our binning specifically excludes the large sudden stratospheric warming event that started in the second half of January 2009. To obtain geomagnetic quiet time data, points were excluded for observations with a previous 24 h average Ap ≥ 16 and/or a corresponding 3 h ap ≥ 16. The total number of final points selected were ∼154,700 for December, ∼136,900 for March, and ∼137,500 for June, respectively. The average solar and geophysical conditions for the selected periods were F 10.7 = 73, Ap = 5 for December; F 10.7 = 70, Ap = 5 for March; and F 10.7 = 67, Ap = 4 for June, 10.1002/2015SW001250 respectively. The days that best represent the climatological average conditions of the selected seasons, based on their average solar declination, are day of year (DOY) 006 for December solstice, DOY 079 for March equinox, and DOY 189 for June solstice, and consequently, all empirical inputs needed in GAIM-FP and TWAM were taken to correspond to those days.
Ionospheric Data Assimilation Model
The GAIM-FP model is a data assimilation model that uses a physics-based ionosphere-plasmasphere model (IPM) and an ensemble Kalman filter technique to incorporate the main physical processes in the ionosphere directly into the data assimilation scheme Scherliess et al., 2004 Scherliess et al., , 2009 . The model can assimilate different types of data from different sources and provides specifications of the 3-D electron density distributions at geomagnetic low and middle latitudes from 90 km to 30,000 km altitude. The model can also provide an estimation of the ionospheric drivers (electric field, magnetic meridional wind, and neutral composition) that is consistent with the data and the model. In its current version, the data assimilation model excludes regions poleward of ∼ ±60 ∘ geomagnetic latitudes.
In the IPM model [Schunk et al., 2003b] , the ion and electron continuity and momentum equations are numerically solved along magnetic field lines for individual convecting flux tubes of plasma, and the 3-D nature of the model is obtained by following a large number of plasma flux tubes. In its default mode IPM is driven by the empirical HWM93 winds, the Scherliess-Fejer vertical drifts [Scherliess and Fejer, 1999] , and the MSISE-90 (Mass Spectrometer Incoherent Scatter) neutral atmosphere.
The Kalman filter [Kalman, 1960] combines the data from an observing system with the information obtained from the system model and their corresponding statistical description of uncertainties. It performs a recursive least squares inversion of the observations (N m F 2 and h m F 2 for our case) for the model variables using a dynamical model (IPM) as a constraint. As a result, an estimate of the ionospheric drivers (magnetic meridional wind, low-latitude vertical drifts) is obtained in a statistical sense. The estimation of the ionospheric drivers is an integral part of our ensemble Kalman filter and is achieved by using the internal physics-based model sensitivities to the various driving forces. In this procedure, the ionospheric data are used to adjust the plasma densities and its drivers so that a consistency between the observations (within their errors) and the physical model is achieved. As a result, the assimilation procedure produces the optimal model-data combination of the ionosphere-plasmasphere system with its consistent drivers (for details see Scherliess et al. [2009 Scherliess et al. [ , 2011 ).
For this study, we use the climatology mode of GAIM-FP, which assimilates global seasonal maps of N m F 2 and h m F 2 . In this mode, GAIM-FP provides the low-and middle-latitude magnetic meridional wind that we assimilate into TWAM to provide the horizontal wind components (for more details about the GAIM-FP magnetic meridional wind data and the climatology mode of GAIM-FP see Lomidze et al. [2015] ). The 3-D electron density and ion diffusion velocity, which are needed in TWAM, were also obtained from GAIM-FP. The global neutral composition and temperature were specified by MSISE-90.
Physics-Based 3-D TWAM
The Thermospheric Wind Assimilation Model (TWAM) consists of a physics-based numerical model and an implicit Kalman filter, which are described in the following subsections. Ideally, in order to have a self-consistent picture, in addition to the momentum equation one needs to solve the continuity and energy equations of the neutral gas together with a complete set of similar equations for the electrons and ions. Different from that approach, our aim here is to use a Kalman filter technique to combine magnetic meridional wind data from GAIM-FP with the equation of motion of the neutral gas to obtain the zonal and meridional components of the thermospheric neutral wind.
Thermospheric Neutral Wind Model
The physics-based TWAM model solves the equation of motion of the neutral air, which describes the neutral dynamics in the thermosphere
where
is an ion velocity induced by neutral wind, electric field, and ambipolar diffusion and u is a thermospheric neutral wind velocity vector. Subscripts "E × B" and "diff" denote electromagnetic and diffusion parts of the ion velocity, b is a unit vector in the direction of the geomagnetic field. = in ∕ i is a ratio of the ion-neutral collision frequency to the ion gyrofrequency, Ω ≈ 7.27 ⋅ 10 −5 s −1 is the angular frequency of the Earth's rotation, and correspondingly the first term on the right side is the acceleration due to the Coriolis force. g is the acceleration due to gravity, is the neutral mass density, and At ionospheric F region heights (∼250 km) and above the ion gyrofrequency is much larger than the ion-neutral collision frequency, and hence, the first two terms in the ion velocity expression become small. However, these terms are important between E-(∼100 km) and F region altitudes. Throughout our calculation, the ion drift velocity, u i E×B is obtained from the Scherliess-Fejer empirical drift models [Scherliess and Fejer, 1999; Scherliess et al., 2001] . The value of the ion diffusion velocity, u i diff , is taken from the GAIM-FP O + diffusion velocity along the Earth's magnetic field. Here only the diffusion velocity of O + is considered because the last term in the ion velocity equation is only important in the F region where O + is the major ion.
The pressure gradient force, − p∕ , is an important driving force for thermospheric dynamics, and in older studies it was calculated from empirical neutral atmosphere models. However, as was pointed out by Blum and Harris [1975a] , empirical models are expected to be less reliable for density and temperature gradients than for density and temperature itself. Therefore, in our approach we estimate this important driving force as a state parameter in the Kalman filter data assimilation process.
Geisler [1966] showed that a convenient way of representing the pressure distribution is to use the altitude variation of an isobaric surface with exospheric temperature. The zonal and meridional components of the pressure gradient force are [Challinor, 1968] 
Assuming hydrostatic equilibrium one can show that
where h is the altitude of a point on an isobaric surface, T is the neutral temperature, r is the distance from the Earth's center, and and are geographic latitude and longitude, respectively. For atmospheric conditions where hydrostatic equilibrium applies, a condition, for example, assumed in MSISE-90, Geisler [1966] demonstrated that h∕ T is very nearly a linear function of altitude and increases with increasing height. It is close to zero at the bottom of the thermosphere and we take it to be zero at 110 km to make it consistent with our lower boundary conditions that are discussed below. The assumed altitude variation means that the height dependence of the pressure gradient force can be characterized by only one parameter, its slope, for a given exospheric temperature, T ex . A numerical analysis, based on MSISE-90, of the slope of h∕ T on a global scale shows that to a good approximation it is inversely proportional to T ex and can be approximately described by (a∕T ex ) + b (for a similar analysis see Blum and Harris [1975a] ). Using again MSISE-90 we found that the variation of parameter a with latitude and longitude is negligible and that parameter b shows only an ∼15% variability on a global scale. However, when compared to the variations of the slope caused by the T ex dependence, we can, to a first approximation, consider both a and b constant over the globe and use them as state variables in our estimation.
The above analysis shows that at a given altitude, the horizontal variations of the pressure gradient forces are only functions of the exospheric temperature. In the analysis of diurnal variation of exospheric temperature, Jacchia [1977] showed that its global distribution can be remarkably well represented by an equation of the following form
with the shape of the diurnal variation, f (H), given by
whereT ex is the mean of the daytime maximum and nighttime minimum of exospheric temperature, ⊙ is the declination of the Sun, is the obliquity of the ecliptic (23.44 ∘ ), H is the hour angle of the Sun (the local solar time) and can be related to the longitude ( ) and universal time (t) (H = + Ωt − ), the constant, 0 , determines the lag of the temperature maximum with respect to solar culmination, c i=1,2,3 and are empirical constants, and the exponent, n, can vary between 2 and 3 (for details see Jacchia [1977] ).
We use the above form of the temperature distribution in our scheme to calculate horizontal derivatives needed for the pressure gradient force parametrization. In order to simplify the analytical expressions and to have linear expressions for parameters that need to be estimated, we assume that n = 2. Then, for any instant in time at a given altitude, z, the horizontal variation of the pressure gradient forces can be expressed as
where i=1,2 are free parameters that are estimated together with a
and b
in the expression of
) (z − 110 km)∕r describing the altitude variation of h∕ T as discussed above.
One of the main input into TWAM is the magnetic meridional wind data from GAIM-FP . The magnetic meridional wind (v mag , positive toward magnetic north) has contributions from geographic zonal (u, positive eastward) and meridional (v, positive northward) winds and is generally expressed as [Titheridge, 1995] :
where D is the magnetic field declination angle.
In order to solve the system of momentum equations for the horizontal neutral winds numerically and combine it with the data through the Kalman filter, we adopt a standard finite difference approximation of a fully implicit scheme that, in the case of direct solution, is unconditionally stable and can be solved using a Gaussian elimination of a resulting tridiagonal matrix. The required magnetic field inclination and declination angles in zonal and meridional projections of the drag term are taken from the International Geomagnetic Reference Field [Finlay et al., 2010] . For the lower boundary at 110 km, we take Dirichlet boundary condition u = 0, v = 0 (it is well established that the solution of wind equation above 150-160 km is practically independent of the imposed wind values at the lower boundary [Lindzen, 1967; Harris, 1975a, 1975b; Fuller-Rowell and Rees, 1980] ), and for the upper boundary at 590 km Neumann boundary conditions u∕ z = 0, v∕ z = 0 are taken, since the viscous force increases with altitude and eventually suppresses variations of the wind speed with altitude. The solution is obtained every 15 min on a spatial latitude × longitude × altitude grid with our current standard output resolution of 7.5 ∘ × 15 ∘ × 15 km, which is later interpolated to a 2 ∘ × 7.5 ∘ × 10 km resolution to make it consistent with the default GAIM-FP output.
Implicit Kalman Filter
Since the introduction of the Kalman filter [Kalman, 1960] , it has become a well-documented method with many widely used variations in different fields of science, including atmospheric and ionospheric studies [e.g., Scherliess et al., 2011] . The traditional Kalman filter is a linear, recursive algorithm that combines the observation with a dynamic model describing the processes and corresponding uncertainties. The model uses the errors associated with the data and the model to provide improved model state variables in a statistical sense. Different from the traditional Kalman filter, the implicit Kalman filter was developed to be suitable for implicit discrete systems [Skliar and Ramirez, 1997] , and thus, it is applicable for problems that require implicit schemes for stable numerical solutions. Basically, the implicit Kalman filter is equivalent to the traditional Kalman filter and a brief description, mainly based on Skliar and Ramirez [1997] , is as follows.
Assume that the implicit form of a dynamic system (equation (1) for our case) is described by
where k is a time index, x is the state vector (in our case consisting of zonal and meridional wind values at each 3-D gridpoint and coefficients in the pressure gradient force parametrization), M 1 and M 2 are matrices describing the dynamics of the system (derived from the discretization of equation (1). U is a matrix describing the forcing of the system (in our problem drag terms due to E × B ion drift and diffusion velocity), and q is a vector representing the process noise (i.e., model error over one time step, which is assumed to be unbiased and Gaussian distributed) with associated covariance matrix Q, with assumed variances of (5 m/s) 2 . (Note that different from Skliar and Ramirez [1997] , equation (9) describes a fully implicit scheme.) Also assume that the equation relating the measurements to the state variables has the form (equivalent of equation (8))
where y is a measurement vector (e.g., v mag at the altitude of h m F 2 over the entire low-and middle-latitude domain), H is the known measurement matrix relating the observations to the state vectors (equation (8)), and r is a vector of measurement error with corresponding covariance matrix R. An analysis of the GAIM-FP wind data shows that the errors of v mag can be well represented by a normal distribution with zero mean and 15 m/s standard deviation, which was used to construct the R matrix (i.e., setting the variances to (15 m/s) 2 ).
Let us define an auxiliary variablex (k+1) = M 1 (k + 1) x (k + 1) and a new H 1 matrix through
Then equations (9)- (10) can be written as
The system of equations (11) and (12) has the form that is commonly used in the classical Kalman filter. The forecasted model error covariance matrix ofx (k + 1) will be
where P x is the model error covariance matrix of x (k). The so-called Kalman gain takes the form
and finally, the estimated model state vector (x a ) and the corresponding error covariance matrix (P a x ) at the k + 1 time step will become
where I is an identity matrix. As time evolves, the steps described above are repeated to give the best estimates of state variables in a least squares sense.
Model Limitations
There are several factors that could potentially affect the accuracy of the estimated meridional and zonal components of the thermospheric neutral wind using our model.
Equation (1) is nonlinear since it contains the advective acceleration term, (u ⋅ ∇)u, which makes it difficult to solve numerically. In order to take full advantage of the Kalman filter and also to avoid complications related to numerical instabilities, we omit the nonlinear acceleration term. This term is relatively small compared to the other terms if the wind speed is not a significant fraction of the peripheral speed of Earth's rotation and significant spatial gradients are not present. These assumptions may not be fully satisfied near sunrise and sunset, and in the case of a direct numerical solution may affect the wind phase by about 0.5 h and the amplitude of a calculated wind by about 15% as discussed by Rishbeth [1972] . Blum and Harris [1975b] performed an analysis of the effects of the nonlinear acceleration term and found it to be only significant in the equatorial region, especially at solstice conditions and only for meridional winds. At midlatitudes they found the effect to be less than 10% on the wind magnitude without an appreciable change in the wind phase. Furthermore, since we use a Kalman filter that combines data with the dynamical model, the effect of neglected physics is expected to be smaller than it is for a pure numerical solution due to the constraint that the data impose on the model.
In addition to the nonlinear acceleration term, we also neglected the viscous terms resulting from horizontal gradients of the wind velocity, as well as nonlinear curvature terms. The horizontal viscosity terms are much smaller compared to the vertical one, and according to Harris [1975a, 1975b] , can only be important in a narrow latitudinal band near the equator if meridional and zonal velocity gradients are large. The nonlinear curvature terms, are also small compared to other terms in the equation as a simple scale analysis reveals. These omissions are not expected to significantly affect our estimation of the horizontal wind velocities.
The altitude gradients of the zonal and meridional winds obtained by TWAM are expected to be very small above the F 2 layer peak (∼250 km), due to an increase in the kinematic viscosity ( ∕ ) with altitude, which smooths out height variations of the wind [Rishbeth, 1972; Roble et al., 1974; Blum and Harris, 1975b; Titheridge, 1995] . However, the altitude gradients below h m F 2 are expected to be influenced to a lesser degree by the assimilated data, and thus, may have larger uncertainties. Therefore, we note that the model winds below the F 2 layer peak should be treated with caution.
Finally, the current study only addresses the use of the model to obtain the climatology of thermospheric winds during geomagnetically quiet conditions, and its applicability to estimate winds on a day-to-day basis and during geomagnetically disturbed conditions is a subject of separate investigation.
Results of Wind Estimation
In this section we present the obtained wind climatology (TWAM results) at low and middle latitudes and compare the zonal and meridional components with their corresponding measurements from ground-based In addition, we demonstrate the importance of accurate wind estimation for ionospheric modeling. All results that will be presented here correspond to quiet time, solar minimum conditions, specified by the average geophysical conditions of the time intervals during which the COSMIC data were averaged.
The estimated meridional and zonal components of the thermospheric neutral wind at 250 km and UT = 12:00 h are shown in Figure 2 for December solstice, March equinox, and June solstice conditions. The meridional wind is generally poleward during the day and equatorward at night. The results show a predominantly summer to winter hemisphere flow during the solstices and a symmetric flow about the geographic equator during equinox. These flow patterns are in good agreement with our current understanding of thermospheric dynamics. The zonal wind is mostly westward during noon and eastward after dusk. At midlatitudes the zonal wind becomes westward after midnight, but at low latitudes remains eastward until after dawn. A seasonal pattern is also apparent in the zonal flow. The strongest westward wind occurs in the summer hemisphere and the strongest eastward wind in the winter hemisphere, with a net eastward flow in winter and a net westward flow in summer. The winds are similar in the two hemispheres during equinox. In general, the above described patterns remain unchanged for other UTs (i.e., once time shift is taken into account); however, certain variations in both components of the winds were noted (not shown) indicating longitudinal variations in the wind. These variations could be associated with the longitudinal differences in the geomagnetic field geometry, as well as longitudinal changes in ion drag, neutral composition, atmospheric tides, and high-latitude forcing, which are expected to be embedded in our various input data.
Figures 3 and 4 show the local time variations of the estimated meridional and zonal winds, and their comparisons with those obtained from FPI measurements and HWM93 values over Millstone Hill, Arecibo, and Arequipa during the three seasons. These three stations were chosen because they have extensive nighttime wind observations over several decades [e.g., Emmert et al., 2006, and references therein] and span the latitudinal range from equatorial to middle latitudes, albeit are on a similar meridian. All FPI wind data used in this study were obtained from the Madrigal database (http://www.openmadrigal.org/), and seasonal averages (for December and June solstices, and March equinox) were not only calculated for similar geophysical conditions as in the case of the COSMIC data but also included wind data from previous solar cycles . The error bars correspond to one standard deviation and indicate normal quiet time geophysical variability. Both the estimated nighttime meridional and zonal winds are in good agreement with the FPI observations (within 1 errors) for most of the time. The best agreement in meridional winds are found over Millstone Hill during December solstice (root-mean-square error (RMSE) of ∼14 m/s) and in zonal winds over Arecibo during June solstice (RMSE ≈ 21 m/s). The largest discrepancies are observed during June solstices over Arecibo for the meridional wind (RMSE ≈ 43 m/s) and over Arequipa for the zonal wind (RMSE ≈ 52 m/s). A quantitative analysis of the differences between the TWAM and FPI winds shown in Figures 3 and 4 (combining all stations and seasons) reveals that the mean winds from TWAM are about 14 m/s less northward and about 2 m/s more eastward than the corresponding FPI winds, indicating only a small bias in the TWAM results. Figures 3 and 4 also show that for the selected three locations and seasons our estimated winds are reasonably close with the wind velocities obtained from the HWM93 model throughout the day. The smallest differences in meridional winds are found during December solstices over Millstone Hill and Arequipa (root-mean-square deviation (RMSD) ≈ 21 m/s) and in zonal winds over Arecibo during December solstice and over Arequipa during June solstice (RMSD ≈ 25 m/s). The largest differences in meridional winds are found over Arecibo during December solstice (RMSD ≈ 36 m/s) and in zonal winds over Millstone Hill again during December solstice (RMSD ≈ 60 m/s). Note that the HWM93 model, when constructed, included ground-based wind data from the selected three stations .
An example, of a region where relatively large discrepancies between TWAM and HWM93 winds can be seen is the so-called Weddell Sea Anomaly (WSA). The WSA is a well-known midlatitude ionospheric phenomenon in which the electron densities during the evening/night are larger than during the day [e.g., Jee et al., 2009, and references therein] . The phenomenon takes place over the west of the Antarctic peninsula and is most prominent during December solstice (local summer), and its widely accepted generation mechanism, though debated, is associated with thermospheric winds. For this reason, Figure 5 compares the meridional and zonal wind components obtained from the two models over the WSA during December solstice (values are shown In order to demonstrate the importance of thermospheric winds for ionospheric specification and modeling and also to show the potential of our new wind model for ionospheric research, we performed two ionospheric model simulations for December solstice conditions using IPM. In the first simulation IPM was driven by HWM93 (IPM-HWM93) and in the second simulation with TWAM winds (IPM-TWAM). All other model inputs were kept identical. The IPM-TWAM results are in close agreement (within errors) with the COSMIC data indicating the TWAM winds correctly reproduce the observed evening anomalies both qualitatively and quantitatively. In contrast, the IPM-HWM93 results display large discrepancies in both N m F 2 and h m F 2 (except for a few hours around midnight) and generally overestimate COSMIC data. The largest difference in h m F 2 occurs during the morning hours when it reaches ∼80 km, together with relative differences in N m F 2 of about 80%. Note that the comparison shown in Figure 6 uses the same COSMIC data that were assimilated into GAIM-FP to estimate the magnetic meridional wind. Also note that the IPM model is the ionospheric model used in GAIM-FP. Nevertheless, our results show the physical consistency between the ionosphere and thermosphere used in our models. Furthermore, the simultaneous improvement in the accuracy of modeling both N m F 2 and h m F 2 over the WSA with TWAM winds is an important result, which provides an opportunity to explore, for example, the physical mechanism behind the WSA, and to estimate the effects of individual wind components on the electron density variation.
In addition to the WSA case shown above, Lomidze [2015] showed similar results for the WSA-like anomaly in the northern midlatitudes during June solstice. Here again the HWM93 and TWAM winds displayed large discrepancies, and the accuracy of simultaneously modeling both N m F 2 and h m F 2 with TWAM winds in IPM model was improved.
Discussion and Summary
Our ability to accurately specify the thermospheric wind system is limited because of sparse wind observations and shortcomings of global wind models. The methods of wind derivations from ionospheric observations have a long history, but they only provide the net effective wind along the magnetic meridional direction and do not provide direct information about the separate wind components, which are often very important. In this paper we presented a novel technique to combine information from an ionospheric data assimilation model with the equation of motion of the neutral gas using a Kalman filter. As an output, this new model provides the climatology of the geographic meridional and zonal components of the thermospheric neutral wind.
Specifically, we developed a physics-based data assimilation model for thermospheric neutral winds (TWAM), which assimilates magnetic meridional wind data from an ionospheric data assimilation model (GAIM-FP). TWAM employs an implicit Kalman filter technique and provides the climatology of the low-and middle-latitude geographic meridional and zonal winds from 110 to 600 km altitude with a horizontal resolution of 7.5 ∘ × 15 ∘ (latitude × longitude). The GAIM-FP model, for its part, assimilates global seasonal maps of N m F 2 and h m F 2 from COSMIC radio occultation data to provide an estimate of the magnetic meridional wind data together with the 3-D electron density distribution and ion diffusion velocity in the ionosphere, which are both important for a proper ion drag specification. Our analysis of the spatial and temporal variations, as well as comparisons with ground-based wind measurement from FPIs, revealed that the model provides reliable estimates for the neutral winds.
The obtained seasonal and diurnal patterns of both global meridional and zonal winds are in good agreement with experimental and theoretical results of previous studies [Rishbeth, 1972; Roble et al., 1977; Titheridge, 1995; Emmert et al., 2003] . According to the current understanding of quiet time thermospheric dynamics, air motion is directed from the hottest part of the thermosphere toward the coldest part, under the influence of pressure gradient, ion drag, and Coriolis forces. For example, it is well known that the prevailing summer-to-winter circulation during solstices (see Figure 2 ) is the result of asymmetric solar heating of the two hemispheres [Roble et al., 1977] . The prevailing west to east flow in winter and east to west in summer (Figure 2 ) might be understood by the deflecting action of Coriolis forces on summer-to-winter flow. Note that the parametrization of the pressure gradient force used in our wind model does not a priori specify the location of maxima of this driving force (in other words, season is not specified). Instead, the appropriate distribution is estimated by the data assimilation procedure inside the Kalman filter. On the other hand, the proper seasonal distribution of ion drag and seasonal pattern of magnetic meridional wind come from the GAIM-FP model.
The comparison of the estimated meridional and zonal wind climatology with their corresponding nighttime measurements from FPI over Millstone Hill, Arecibo, and Arequipa showed good agreement during all three seasons (Figures 3 and 4) for most of the time. The close match with the observations and the small bias found in the model results indicate that our method of wind estimation is reliable. An inspection of the model error covariance matrix (equation (14)) shows that the theoretical error of the estimated winds near h m F 2 varies with local time and latitude but on average is about 14 m/s for both the meridional and the zonal winds. Above h m F 2 the errors are found to be nearly constant, but they increase in the bottomside F region and E region. For example, at 150 km altitude, on average, the errors are about 34 m/s and 31 m/s for the meridional and zonal winds, respectively. This is in agreement with the anticipated larger model uncertainties in the wind values below the F region peak as noted above.
The comparison of our estimated wind components with HWM93 over the selected three stations in Figures 3  and 4 showed close agreement for most of the cases. However, the accuracy of empirical models is known to strongly depend on the amount of the input data, and consequently, the empirical winds are less reliable over data sparse regions [Titheridge, 1995; . Our comparison of the winds over the WSA, where no ground-based wind data are available, shows indeed large differences between the HWM93 and TWAM winds ( Figure 5 ). An example of the importance of the accurate wind estimation for ionospheric research and the potential value of the TWAM model is demonstrated in Figure 6 . In contrast to the use of the HWM93 winds, the use of TWAM winds in IPM significantly improves the agreement of the model results with the COSMIC data both qualitatively and quantitatively. The agreement in both N m F 2 and h m F 2 was obtained by using the TWAM winds instead of the HWM93 winds, while the rest of model inputs were kept identical. Clearly, further work with independent data is needed to assess whether similar improvements can also be seen in other ionospheric parameters.
In summary, the proposed technique of thermospheric wind estimation could be important for a better specification of the global thermospheric dynamics, and especially over areas where wind observations are limited or not available at all (such as remote places and oceans). This, in turn, is significant for an improved modeling of the F region ionosphere, and for a better understanding of the ionospheric climatology, which strongly depend on thermospheric winds. The knowledge of the individual components of the horizontal wind also enables us to separately study their relative role in various ionospheric phenomena (i.e., WSA). With the planned follow-on COSMIC-2 mission, which is expected to provide good prospects for near-real-time ionospheric data with a significantly increased amount of daily occultations [e.g., Yue et al., 2014] , a good opportunity will arise to investigate the use of this data assimilation technique to estimate thermospheric winds on a day-to-day basis, as well as during geomagnetically disturbed periods.
